Abstract: A quasi-dynamic method is proposed to evaluate the characteristics of ball bearings including pressure distribution over the contact area between the ball and the raceway; sliding velocity distribution and lubrication parameters. Based on the Archard wear equation, the permissible wear extent is confirmed, and a mathematical model for wear-life analysis is then presented for 6000 deep groove ball bearings with the axial loads. The effects of axial loads, rotating speed and structural parameters on wear characteristics of bearings are analyzed, and some conclusions are drawn. Based on the proposed mathematical model, wear-life of a bearing decreases with the increase of the axial load. As the rotational speed of the inner ring increases, the wear-life of the bearing decreases accordingly. The wear-life of the bearing exhibits nearly-linear increment as the groove curvature of the inner ring increases.
INTRODUCTION
Wear-life is a critical property for deep groove ball bearings. Existing methods for wear-life are not yet comprehensive due to the complexity of the wear effects of rolling bearings [1] . Currently, wear-life estimate of rolling bearings is mainly based on the wear time analysis given by FAG in 1964. FAG performed statistical classification over the operational conditions of more than 7000 rolling bearings from different equipment and obtained their wear-life through Weibull distribution for their operation time before failure. Based on their analysis, one can obtain an estimate of the wear-life of a bearing given its application on an equipment [2] .
Friction and wear are complex processes. Based on existing literature, more than 300 variations of wear calculation have been proposed [3] . Amontons and Coulomb proposed the law of friction: the friction is proportional to the positive pressure [4] . Archard proposed the law of wear: the material wear coefficient is proportional to the load and the sliding distance [5] .
Based on Archard's wear model, we first determine the permissible wear of the bearing through quasi-dynamic analyses assuming only axial loads exist. A mathematical model of wear-life of deep groove ball bearings is then proposed to analyze the effects of axial loads, rotational speeds, and structural parameters on the wearing characteristics of the bearings.
Under common, mid-speed operations, the ball typically undergoes rolling without slipping in the race.
Therefore, the proposed wear model is based on the following assumptions:
(1) All friction-including materials are isotropic and their friction properties remain invariant in the analysis period;
(2) Surface roughness of the components interest remains constant and the post-wear profiles of both inner and outer races remain circular. Fig. 1 Illustration of three-dimensional ball movement.
QUASI-DYNAMIC ANALYSIS OF ROLLING BEARINGS

Revolution, rotation and spin of rolling elements
The three-dimensional rotation of the ball is shown in Fig.1 . '{x,y,z}' is a inertial frame, and '{x',y',z'}' is the local coordinate with its origin located at the center of the ball. Axis x' is parallel to axis x, and the coordinate system rotates about axis x at the revolution speed of the ball. O'U is the rotation axis of the ball. The three components of the angular velocity w b are w bx' , w by' and, w bz' respectively: 
' sin cos 
The component of the angular velocity (spin motion) in the normal direction of the contact surface of the ball and outer ring: 
where, (8) Similarly, at any point (x o , y o ) in the contact area, the speed of the inner race relative to the ball is:
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(
If the outer race is fixed, the center of the ball rotates around the origin of the fixed coordinate system at the rotating speed of w m =-w o . The inner ring rotates at an absolute angular velocity w=w m +w i . Therefore, the relative angular velocity w o, w i and the angular velocity w b of the ball can be obtained as [7] ) sin sin cos ' cos )(cos cos (18) The contact deformation between the ball and the inner and outer rings can be presented as
The position parameters of the q-th ball's center are V xq and V zq , which are related to the deformation and the rotating speed of the bearing. The contact angle of the q-th ball and the inner and outer rings is shown in Fig. 2 , where 
(26) The contact load between the ball and the inner and outer rings can be calculated as
2) Force and basic equations of the bearing 
where, 
The unknown parameters δ iq , δ oq , V xq , V zq can firstly be solved by Newton -Raphson iteration method using the set of equations (28), (29), (30) and (31) for a given δ a . After obtaining the values of δ iq , δ oq , V xq and V zq , the value of δ a can be obtained from equation (34). Then δ iq , δ oq , V xq , V zq can be calculated repeatedly, until the accuracy requirement of δ a is satisfied. Such a rursivive process is illustrated by a flow chart shown in Fig. 3 . 
WEAR-LIFE MODEL OF DEEP GROOVE BALL BEARINGS
Archard's wear model [5] is adopted in the proposed method
where, V is the loss of the material volume, K s is the wear coefficient, H is the Brinell hardness of the material. Q is the normal load on the contact surface, and L is the sliding distance.
According to Liu et al. [9] , the parameter oil film Ʌ has a graph relation with the Archard wear coefficient K s . The expression for Ʌ can be found as [10] ,
where, R qr and R qb are the RMS of the surface roughness of the race and the rolling elements, respectively; h is the film oil thickness.
Therefore, different Ʌ can be found according to the Archard wear coefficient K s . For the mathematical model proposed in the paper, the lubricating status is boundary lubrication, such that Ʌ = 0.85, and K s = 1.77×10 -8 . For the ball-ring interaction, the load and sliding speed vary substantially across the elliptical contact area. Therefore, a more accurate calculation can be obtained by substituting. The sliding distribution across the contact area is shown in Fig. 4 where the slip and gyro rotation of the ball are ignored. In Fig. 4 , u s is the sliding speed included by the self-spin component; u d is the differential sliding speed as the result of the difference in radius of rotation between the ball and rings at the location of contact. According to a fore mentioned kinematics analysis, u d and u s can be calculated as The value of Qu for the inner race and the outer race can be computed by using MATHCAD [11] . To consider the wear on the surface of the rolling element and races, the calculation can be transformed to
where t is the total wear time during the whole operation period.
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The derivation of equation (42) is the wear rate W m . It can be presented as
(40) The parameter Δr is set to be the permissible radial clearance increment, the value which is typically selected as 20% of the initial clearance [12] . The permissible volume of wear, V, can then be deduced according to the geometrical dimensions of the bearing. . (41) A negative sign is applied for the inner ring and the positive sign is for the outer ring for equation (44) .
So the operating lifetime can be presented as
4.ANALYSIS OF WEAR CHARACTERISTICS OF DEEP GROOVE BALL BEARINGS
Here we take the 6000 deep groove ball bearings as an example. The influences of different axial loads, rotating speeds and the groove curvature of the inner and outer rings on the wear-rate and the wear-life of the bearings are investigated. Parameters of the bearings are presented in Table I . 
Influence of axial loads
When the lubrication and other conditions are fixed and the rotating speed is 10000 rpm, the relation between the axial load and the wear characteristics is shown in Fig. 5 and Fig. 6 . It can be seen from Fig. 5 and Fig. 6 , the wear-life decreases with the increase of axial loads. With the gradual increase of the load, the slope of wear-life curve is getting smaller, while the wear-rate increases with the increase of axial loads.
Influence of rotating speeds
When lubrication and other conditions are fixed and the axial load is 20N, the relation of the rotating speed and wear characteristics is shown in Fig. 7 and Fig. 8 . Fig. 7 Relationship between rotating speeds and the wear-life Fig. 8 Relationship between rotating speeds and the wear-rate It can be seen from Fig. 7 and Fig. 8 , when the rotating speed increases, the wear-life decreases non-linearly and the wear-rate increases linearly. With the gradual increase in the rotating speed, the slope of wear-life curve is getting smaller.
Influence of the groove curvature of the inner ring
When the rotating speed is 10000 rpm and the axial load is 20N, the relation of the groove curvature of the inner ring and wear characteristics is shown in Fig. 9 and Fig. 10 . Fig. 9 Relationship between wear-life and groove curvature of the inner ring It can be seen from Fig. 9 and Fig. 10 , when the groove curvature of the inner ring increases slowly, the wear-life also increases accordingly, while the wear-rate decreases.
5.CONCLUSION
The axial load has a great impact on the wear-life of the deep groove ball bearings. When the other factors are fixed, the contact stress between the ball and the race will increase with the axial load accordingly, which will lead to the increase of wear-rate of the race, and the decrease of wear-life. When the axial load is large, the wear-life will decrease slowly and the rate of increase in wear-rate is greater. It is indicated that when the axial load is smaller, it has a greater effect on wear-life.
Similarly，with fixed lubrication condition and other factors, the wear-rate of deep groove ball bearings will increase with the increase of the rotating speed and it basically maintains a linear trend. Since the rotating speed will also affect the micro-sliding between the ball and the race, this leads to the increase of Qu. The wear-life of the bearing will decrease with the increase of the rotating speed, and the slope of the curve is larger at lower rotating speeds, and smaller at higher rotating speed. It is indicated that, when the rotating speed is smaller, it has a greater effect on wear-life.
Finally, with fixed lubrication condition and other factors, when the groove curvature of the inner ring increases, the wear-rate of the deep groove ball bearing decreases. Wear-life decreases with the increase in contract stress caused by the increase of groove curvature of the inner ring. However, the sliding speed at the contact area decreases with the increase of the curvature, this further leads to the decrease of Qu. The wear-life increases slowly with the increase of the curvature. With greater curvature, the slope of the wear-rate curve is smaller.
